chemotherapy. [1] The median survival in glioblastoma has reached a plateau (at 15-18 months) with 2-year survival of 29% and 5-year survival rarely exceeding 10%. [2] The benefit of addition of temozolomide is mediated through methylation of O6-methylguanine-DNA-methyltransferase (MGMT) promoter. [3] Methylation of the MGMT promoter inhibits the repair of therapeutic DNA damage induced by temozolomide, rendering it more sensitive to alkylating chemotherapy. MGMT promoter is epigenetically silenced (methylated) in approximately 40% of patients with newly diagnosed glioblastoma where it has now consistently been demonstrated to be a strong and independent prognostic factor [4, 5] as well as a predictive marker [6] for benefit with alkylating agent chemotherapy.
Glioblastomas like other solid cancers have a complex, dynamically evolving, multiscale ecosystem with significant spatial and temporal heterogeneity [7] that lends itself naturally to noninvasive characterization using contemporary imaging modalities including molecular functional imaging. [8, 9] The heterogeneous neuro-imaging and histopathological and molecular biology spectrum of glioblastoma [10] provide unique opportunities for robust subclassification, refined prognostication, and precision medicine. [11, 12] Magnetic resonance imaging (MRI) is currently recommended as the standard of care imaging [13] for glioblastoma covering the entire spectrum of management including but not limited to preoperative diagnosis at initial presentation, quantifying the extent of resection postoperatively, assessing response after adjuvant therapies, and as surveillance for the detection of recurrence/progression on follow-up with potential to influence therapeutic decision-making. In addition, MRI also can help in the assessment of specific phenotypic imaging features to serve as noninvasive biomarkers that could offer insights into the underlying molecular biology of brain tumors. [13] [14] [15] For the aforesaid reasons, we sought to assess the potential of presurgical conventional MRI features in predicting MGMT promoter methylation status and survival in patients with newly diagnosed glioblastoma that were treated on a prospective study at an academic neuro-oncology unit.
mateRials and methods

Patients
All patients included in the study had previously provided informed consent after being prescreened at our site for participation in an institutional review board-approved international Phase III multicentric randomized controlled trial (CENTRIC EORTC 26071-22072 study) [16] testing the addition of cilengitide to standard treatment (radiotherapy/ temozolomide) in glioblastoma. Inclusion/exclusion criteria of CENTRIC study have been described in detail previously. Briefly, eligible patients were adults (≥18 years of age), with newly diagnosed, histologically confirmed supratentorial glioblastoma (WHO grade IV), methylated MGMT promoter, and Eastern Cooperative Oncology Group Performance Status (PS) of 0-1. The sponsor of the index CENTRIC study had no role in the data collection, analysis, interpretation, and reporting of this correlative imaging substudy. The flow of patients on the imaging substudy at our center is depicted in Figure 1 .
Extraction of imaging features
Preoperative imaging datasets of all these patients were retrieved from the study archives. Tumors were assessed for location, contrast enhancement, pattern of enhancement, noncontrast-enhancing tumor (nCET), borders, contact with subventricular zone (SVZ), cysts, T2-signal, edema, multifocality, and necrosis based on previous description. [17, 18] Epicenter of tumor was used to define location as frontal, parietal, temporal, and occipital. Tumors were considered enhancing if there was unequivocal increase in signal intensity on T1-weighted images following intravenous contrast administration. The pattern of enhancement was categorized as peripheral/rim enhancing or solid/nodular enhancement. nCET was defined as tumor area with no obvious enhancement, but intermediate T2-weighted hyperintensity less than cerebrospinal fluid (CSF) and corresponding to a region of T1-weighted hypointensity associated with mass effect and architectural distortion. Tumor borders were categorized as ill defined/diffusely infiltrative or well defined/sharp based on postcontrast T1-weighted images. SVZ, the adult stem-cell niche, was defined as an area 5 mm lateral to the lateral ventricles; direct extension or contiguity of tumor (and not peritumoral edema) with this stem-cell niche was categorized as having contact with SVZ. Cysts were defined as rounded and well defined, often eccentric areas of >1 cm within the tumor showing very high T2-signal and low T1-signal (matching CSF) with thin, regular, smooth, nonenhancing, or regularly enhancing walls. Signal abnormality on T2-weighted images was categorized as homogeneous or heterogeneous based on >80% of tumor (excluding cysts if any) showing similar intensity. Moderate-to-severe edema was defined as signal abnormality on T2/FLAIR images extending beyond 1 cm from the tumor margin; otherwise, edema was scored as mild or none. Multifocality was defined as having more than one area of tumor separated by normal brain signal intensity on T2-weighted images. Necrosis was defined as a region of peripheral and irregular enhancement surrounding areas of high T2-weighted signal intensity. Table 1 provides a brief description of the conventional imaging features that were extracted from the preoperative dataset for analysis. Some of these features are also depicted in Figure 2 as representative images. Systematic assessment of the aforesaid semantic imaging features was performed by two qualified reviewers independently (with over 20 years of experience in neuroradiology at an academic comprehensive cancer center) and blinded to the MGMT methylation status; any discrepancy was resolved by consensus through discussion with a third reviewer. No image reprocessing was done by any of the reviewers before assessment. Robust information regarding use of corticosteroids prior to imaging was lacking in majority of patients; however, our prevalent institutional practice is to start dexamethasone only after neuro-imaging, unless clinical/ neurological status of the patient mandates urgent medical decompressive therapy.
Central pathology review
Formalin-fixed paraffin-embedded (FFPE) tumor tissue blocks were shipped to reference laboratory in Europe for centralized pathology review and assessment of MGMT promoter methylation. A dedicated neuropathologist confirmed the diagnosis of glioblastoma on central pathology review. MGMT promoter methylation status of the tumor was also assessed centrally by a licensed laboratory using quantitative methylation-specific-polymerase chain reaction (MS-PCR) as previously described. [16, 19] Briefly, two sections were deparaffinized from FFPE blocks and tumor DNA was extracted using the phenol/chloroform extraction method and quantified using commercial quantitation kit. Subsequently, sodium bisulfite modification of DNA was done, which selectively deaminates unmethylated cytosine residues resulting in conversion to uracil, whereas 5-methylcytosine residues within the CpG island remain unmodified. Amplification and quantification of the analyte were done using specific primers and primer/detector pairs. The analyte defined in this assay was the MGMT promoter sequence that detects the fully methylated version. β-actin (ACTB) was used as a reference gene using primers that were outside any CpG islands. To compensate for variations in copy number due to differences in sample volume, handling, and DNA isolation, the methylated MGMT copy numbers derived were divided by ACTB copy numbers for that sample to arrive at a ratio value. Patients were classified as MGMT methylated when the ratio of MGMT to ACTB was two folds or higher.
Treatment and follow-up
Only patients with centrally confirmed MGMT promoter methylation and satisfying other eligibility criteria were randomized in a 1:1 ratio to receive either standard treatment (radiotherapy plus temozolomide) alone or combined with cilengitide (standard dose of 2000 mg intravenously twice Region within a tumor that does not enhance, is bright on T2, low on T1, and has an irregular border FLAIR: Fluid-attenuated inversion recovery Table 1 for a more detailed description of imaging features
weekly on days 1 and 4) that was continued for up to 18 months or disease progression or unacceptable toxicity. Standard treatment consisted of focal three-dimensional conformal radiotherapy delivered to the tumor bed with margins on a 6 MV linear accelerator to a dose of 60 Gy in 30 fractions over 6 weeks (2 Gy per fraction, 5 fractions per week) along with concurrent oral temozolomide (75 mg/m 2 daily, all 7 days of the week throughout radiotherapy) followed by six cycles of adjuvant oral temozolomide (150-200 mg/m 2 for 5 days consecutively, cycled 4 weekly) starting 4 weeks after the end of concurrent chemoradiotherapy. Patients with unmethylated gene promoter or invalid/uninterpretable results were deemed as prescreen failures and treated with standard therapy alone. All patients were periodically followed up clinicoradiologically for assessment of progression-free survival (PFS) and overall survival (OS) as per protocol. Salvage therapy at progression/recurrence was variable and ranged from re-excision, re-challenge with temozolomide, bevacizumab, re-irradiation, and best supportive care.
Statistical analysis
The correlation of conventional imaging features with MGMT promoter methylation status was assessed using binary Fisher's exact test (for all dichotomous variables) except anatomic location (polychotomous) which was correlated using the Chi-square test. No approximation was used and P ≤ 0.05 was considered statistically significant. MRI features that showed some trend toward significance (P < 0.2) were included in a multivariate logistic regression model to calculate the odds ratio of predicting methylation status with 95% confidence intervals (95% CIs). Logistic regression is a statistical method for analyzing a dataset in which there are one or more independent variables (imaging features) that determine an outcome (MGMT methylation status). In this method, the observed values for the dependent outcome and the predicted values are cross-classified at a user-specified cutoff. The outcome was measured as a dichotomous variable (either methylated or unmethylated). Metrics of diagnostic accuracy such as sensitivity and specificity including area under curve (AUC) with 95% CI were also calculated for the predictive accuracy from this multivariate logistic regression model. PFS and OS were calculated from the date of randomization till the event of interest using the product-limit method of Kaplan-Meier. 
Results
Between January and December 2010, a total of 34 patients with newly diagnosed supratentorial glioblastoma were consented and prescreened on the CENTRIC study from our institute and their FFPE blocks were shipped to a reference laboratory in Europe for confirmation of diagnosis and MGMT promoter methylation testing. All the 34 patients were confirmed to have glioblastoma or its variants on central pathology review. MGMT promoter was methylated in 10 (30%) patients, unmethylated in 15 (44%) patients, and invalid or uninterpretable in 9 (26%) patients. Correlation of imaging features with MGMT methylation status was restricted to patients with unequivocal results obtained from MS-PCR (n = 25), excluding patients with invalid/uninterpretable results, while correlation with survival outcomes was done for the entire study cohort (n = 34). Of the 10 patients with methylated tumors, only 3 patients were randomized to the investigational arm (cilengitide + standard therapy), while 5 patients were randomized to the control arm (standard therapy alone). Two patients with methylated tumors were deemed screen failures who, along with the remaining 24 patients (either unmethylated tumors or invalid/ uninterpretable methylation status), received standard therapy (radiotherapy plus temozolomide) as described earlier. The median age of patients included in the study was 52 years (interquartile range, 40-58 years) and the median Karnofsky status was 90 (range, 80-100).
Although a formal test of agreement between the two readers in assessing conventional imaging features was not performed, it is reassuring to note that any discrepancy necessitating a third review for consensus was necessary <10% of times overall. The results of correlation of conventional imaging features with MGMT methylation status are depicted in Figure 3 . The Chi-square statistic was not computed for three imaging features, namely enhancement (yes vs. no), T2-signal characteristics (homogeneous vs. heterogeneous), and multifocality (yes vs. no), as all the 34 tumors showed some degree of enhancement as well as T2 heterogeneity and only 1 of the 34 patients had a multifocal tumor. None of the tested conventional imaging features showed any statistically significant correlation with MGMT promoter methylation status. However, a few imaging features such as border, edema, contact with SVZ, and necrosis did show some trend toward borderline significance and were subjected to a multivariate logistic regression analysis [ Table 2 ]. The odds of having a methylated MGMT promoter was significantly reduced for tumors in contact with the SVZ and borderline reduced for tumors with sharp borders. The presence of necrosis and moderate/severe edema increased the odds of having methylated tumors though not statistically significant. The sensitivity (95% CI) of individual imaging feature for predicting MGMT methylation status was acceptably high at 90% (55%-99%), 90% (50%-99%), 80% (44%-97%), and 80% (44%-97%) for moderate/severe edema, presence of necrosis, ill-defined borders, and contact with SVZ, respectively. However, corresponding figures for specificity were rather low at 40% (16%-68%), 40% (16%-84%), 60% (32%-84%), and 60% (32%-84%), respectively, resulting in a modest overall diagnostic accuracy of 60% (39%-79%), 60% (39%-79%), 66% (46%-85%), and 66% (46%-85%), respectively, for each of these individual imaging features. Predictive accuracy improved incrementally by combining imaging features with each other, yielding a sensitivity, specificity, and overall diagnostic accuracy of 80% (44%-97%), 87% (59%-98%), and 84% (64%-95%), respectively, when all the four imaging features were combined. The AUC based on predictive probabilities obtained from the model using all the A total of 32 of the 34 patients consented to the study had died by the time of this analysis. With a median follow-up of 18 months (interquartile range, 13-33 months), the median PFS and OS were 12.1 months (95% CI: 9.9-14.3 months) and 17.1 months (95% CI: 12.6-21.5 months), respectively, for the entire study cohort. None of the conventional imaging features, except edema, showed any significant correlation with survival outcomes when compared using the Kaplan-Meier log-rank test [ Table 3 ]. Patients with moderate-to-severe edema had significantly inferior survival compared to patients with no or mild edema [ Figure 4 ]. None of the known clinicopathologic prognostic factors (age, PS, and MGMT promoter methylation status) were found significant on univariate analysis [ Table 3 ]. On Cox regression analysis [ Table 4 ], the hazards of progression and death were both significantly increased for tumors with moderate-to-severe edema compared to tumors with no or mild edema. Contact with SVZ was also associated with a nonsignificantly increased risk of progression and borderline significant increased risk of death, while presence of necrosis did not show any significant correlation with survival.
disCussion
We attempted to correlate semantic imaging features extracted from conventional MRI with MGMT promoter methylation status and survival outcomes in patients with newly diagnosed glioblastoma. In our study, conventional imaging features, namely, border, edema, contact with SVZ, and necrosis, showed some trend toward correlation with MGMT promoter methylation status. However, their accuracy for predicting methylation status individually was clearly suboptimal. Although it could be improved significantly by combining all the four features, its use in the clinic cannot be recommended presently. Among the imaging features tested for correlation with survival, moderate-to-severe edema and contact with SVZ predicted for shorter survival in our study.
The use of phenotypic imaging features to identify genotype of primary brain tumors and its correlation with outcomes has been an active area of research in contemporary neuroradiology. [15] Eoli et al. [20] were among the first group that reported an association between ring enhancement on MRI and unmethylated MGMT promoter in glioblastoma. This association was further confirmed by Drabycz et al. [21] in a cohort of 59 glioblastomas, wherein ring enhancement was seen 20.9 *MGMT methylation status was known in 25 of 34 patients; hence logrank test for comparison was limited to these 25 patients with known methylation status. PFS: Progression-free survival, OS: Overall survival, MGMT: O6-methylguanine-DNA-methyltransferase in 93% of unmethylated tumors compared to 61% of methylated tumors (P = 0.006). MGMT methylation status was not significantly associated with any other visually assessed MRI features such as tumor margins, presence of cysts, and T2-signal intensity. In addition, the authors performed texture analysis of images using novel quantitative space-frequency transformation algorithms that did not show any significant association with methylation. However, combining ring enhancement with texture analysis improved the predictive accuracy of MGMT promoter methylation. In a cohort of 24 patients with high-grade gliomas, Moon et al. [22] assessed imaging features such as attenuation on computed tomography (CT), apparent diffusion coefficient (ADC), fractional anisotropy (FA), and relative cerebral blood volume (rCBV) in addition to morphologic features as biomarkers for MGMT methylation. Maximum CT attenuation was significantly lower, while ADC and FA ratios were significantly higher in methylated tumors. The rCBV ratio did not differ between the two groups. Among conventional morphologic imaging features, only ill-defined margins were seen more frequently in methylated tumors than unmethylated ones. Significant positive correlation between higher ADC values and methylation of the MGMT promoter has subsequently been demonstrated by two other groups. [23, 24] However, Ahn et al. [25] in a retrospective study on 43 glioblastoma patients reported no significant differences in ADC and FA with regard to MGMT methylation status. Instead, one of the permeability parameters, transfer constant (K trans ) on dynamic contrast-enhanced MRI, was found to be significantly higher in methylated tumors. Notably, none of the conventional imaging features correlated with methylation status. More recently, the utility of positron-emission tomography (PET) imaging using tracers such as 11-C-methionine (MET) and 18F-flouro-deoxyglucose (FDG) has also been explored to predict MGMT methylation with conflicting results. While one study suggested that higher uptake on MET-PET may be suggestive of methylation, the other study did not find any such correlation. [26] Instead, the authors reported a positive correlation between FDG-uptake and MGMT methylation. [27] The prognostic impact of specific imaging features on survival in glioblastoma was systematically assessed by Pope et al. [17] in 110 patients with glioblastoma. Among the 15 conventional imaging features studied, only nCET predicted better survival. Edema, satellite lesions, and multifocality were all associated with poorer survival on univariate analysis. In a subsequent analysis, [18] the same group retrospectively demonstrated the relationship between imaging features (nCET and edema); underlying molecular abnormalities (IDH1 mutation and MGMT promoter methylation); and survival in a cohort of 202 patients with glioblastoma. A higher proportion of nCET, frontal location, larger tumor size, presence of cysts, and satellite lesions all correlated with IDH1 mutation. However, none of the imaging features correlated with MGMT promoter methylation status. Both IDH1 mutation and MGMT methylation were associated with longer survival as expected. Edema stratified survival in methylated tumors but not in unmethylated ones. Patients with MGMT methylation and little/no edema had particularly long survival. In another study by Li et al., [28] degree of contrast enhancement (<5% vs. more), perilesional edema (absent vs. present), and intensity on T2-weighted images (hyper-to iso-intense vs. iso-to-hypo-intense) correlated with survival in a retrospective cohort of thirty glioblastoma patients pointing their utility as prognostic imaging biomarkers. More recently, Wu et al. [29] demonstrated independent adverse prognostic impact of major edema and necrosis (seen on preoperative imaging) on survival in 87 patients with primary glioblastoma. The most comprehensive analysis of imaging predictors of molecular profile and survival is derived from The Cancer Genome Atlas (TCGA) glioblastoma dataset. [30] Preoperative images of 75 patients of glioblastoma with known genetic data in the TCGA portal were assessed for size, location, and tumor morphology using a 30-item standardized feature set named Visually AcceSAble Rembrandt Imaging (VASARI) that was developed to normalize grading of visual/subjective MRI features of malignant glioma. [15] Associations between survival, tumor size, and morphology were determined using multivariate Cox regression models; associations between imaging features and genomics were studied using the Fisher's exact test. Contrast-enhanced tumor volume (P = 0.025) and longest axis length of tumor (P = 0.009) were strongly associated with poor survival even after adjusting for Karnofsky PS. Glioblastomas of proneural subtype had significantly lower levels of contrast enhancement (P = 0.02) compared to others; while mesenchymal subtype glioblastomas showed lower levels of nonenhancing tumor (P = 0.01). The authors concluded that comprehensive assessment based on standardized set of MRI features is predictive of OS in glioblastoma and that this can be combined with genetic alterations and gene expression profiles to provide deeper insights into the underlying molecular biology of glioblastoma. Other groups have also subsequently confirmed that the addition of imaging features including hemodynamic imaging biomarkers [31] and imaging invasive phenotypes [32] to genetic markers strengthens the glioblastoma survival prediction within TCGA dataset. [33] More recently, Jamjoom et al. [34] in a cohort of 46 glioblastoma patients demonstrated that MRI diffusion metrics indicative of high focal cellularity and steeper transition from high cellular tumor edge to low cellular edema defined a more aggressive subtype of glioblastoma with poorer prognosis. A previous systematic review of seven studies examining the relationship between preoperative peritumoral edema and survival in newly diagnosed glioblastoma was inconclusive; the author concluded that the available evidence was not sufficient to definitely support or refute a putative relationship due to contradictory results and significant heterogeneity between studies. [35] However, subsequent reports have demonstrated the utility of peritumoral edema as an independent prognostic factor, something that is also corroborated by the present study. [28, 29] The borderline prognostic impact of contact with SVZ on survival in our study is likely due to the small numbers. Aggressive phenotype of glioblastomas in close contact with SVZ has been previously demonstrated and is widely accepted; [36] such tumors are more likely to be multicentric at initial diagnosis, have noncontiguous distant brain failure at recurrence, commonly display stem cell-associated gene signatures, and are invariably associated with poorer survival. [37, 38] 
Caveats and limitations
The number of patients included in our analysis was rather low (n = 34), precluding robust conclusions. Furthermore, over a quarter of them had invalid/uninterpretable MGMT methylation status, further reducing the sample size and strength of inference. Preoperative imaging on these patients was done at various radiology centers on different machines. Hence, lack of uniformity and standardization in image acquisition and processing protocols with a consequent effect on imaging features cannot be completely ruled out. It was largely a qualitative analysis and not quantitative analysis. Analysis of MRI was limited to semantic features (by visual assessment), excluding advanced MRI techniques such as spectroscopy, perfusion, and diffusion imaging that may have a higher predictive value. Subjectivity in such visual assessment can introduce variable degree of bias in interpretation that can be significantly reduced using a standardized feature set such as VASARI which was lacking in our study. Finally, we did not attempt to use automated texture-based features that are nowadays being increasingly applied for such correlative studies. [15, 39] Newer MRI techniques such as spectroscopy and diffusion and perfusion imaging and novel methodologies such as automated texture analysis and PET may have potential to further improve radiogenomic correlation.
Radiomics workflow in the contemporary era has evolved tremendously from manual methods to autosegmentation and from visual interpretation of imaging features to automated high-throughput feature extraction. Despite improvements in predictive modeling of imaging datasets, several logistic, computational, and clinical challenges remain. [15] It is imperative to develop robust statistical models correlating imaging features with outcomes for the radiomics approach to be useful in clinical practice. More studies with larger number of patients correlating phenotypic imaging features with genotypes and disease outcomes are needed to provide deeper insights into the biology of glioblastoma.
Systematic visual assessment of conventional imaging features though subjective is feasible in the clinic. Contact with SVZ and sharp tumor borders show weak negative correlation with MGMT promoter methylation status. However, their accuracy in predicting methylation status singly is somewhat suboptimal at present which improves when used in combination with edema and necrosis. Perilesional edema emerged as the only independent prognostic imaging feature among all MRI features investigated in this work, with moderate-to-severe edema being associated with significantly inferior survival outcomes.
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